Introduction
It was reported that microorganisms contain various simple pterins as well as conjugated pterins (1) . Especially, in a numer of photosynthetic bacteria, the presence of relatively high contents of pterin compounds has been demonstrated (2) . A new pteridine compound was isolated from green sulfur photosynthetic bacteria, Chlorobium limicola f thiosulJatophilum NCIB 8327 (Cha,K., W.Pfleiderer and J.Ym, Helv.ChimActa. 1995 in press). The structure of this pterin derivative was established to be (1- O-(L-erythro-5 ,6,7 ,8-tetrahydrobiopterin -2' -yl)-13-Nacetylglucosamine) from 'H NMR and CD-spectra as well as from various mass spectrometric techniques and chemical cleavage method. We propose the trivial name "limipterin" for this new compound.
In this paper, we report purification and properties of enzymes involved in the the biosynthesis of limipterin. Biological function of H4-limipterin will alsc be discussed.
Materials and Methods

Isolation of limipterin from Chlorobium limicola
Chlorobium limicola thiosulfatophilum NCIB 8327, § Author to whom correspondence should be addressed.
Pteridines / Vol. 6 / No.3 supplied by S. Sirevag (University o(Oslo, Norway), was grown photoautotrophically under the light intensity of 50-80 par. for 5 to 6 days at 30't. Cells were harvested from the medium by continuous CEPA centrifugation with a flow rate of 100 mllmin at 33,000 rpm. The harvested cells were used to purifY limipterin at once or stored at -80°C until further use. New pterin was purified by CliarcoalDelta Pak CI8 HPLC method. The cells (200g) were suspended in 8 volumes of buffer containing 50mM potassium phosphate, pH 6.8 and 5.0 mM mercaptoethanol. The suspension was sonicated and centrifuged as described previously. Solid ammonium sulfate was added to the supernatant (1 ,940 ml) to make 70% saturation. Upon TCA and iodine solution treatment and centrifugation, ascorbic acid was added to the solution until the color disappeared. The soluble fluorescent compounds were adsorbed from the solution by addition of 30g charcoal (Fluka). The charcoal was thoroughly washed with 400 ml of distilled water and then eluted with 600 ml of ethanol: 3% NH40H (1:1 v.v). This eluate was acidified by the addition of glacial acetic acid (22.6 ml) until the pH reached to 6.0, and concentrated to 12 ml by the use of rotary evaporator and speed Vac. concentrator. After Sep-Pak Cl8 and membrane clarification, the limipterin was purified using Delta Pak CI8 HPLC.
UV-visible light absorption spectra were obtained using a Hewlett Packard 8452A diode array spec- trophotometer and fluorescence spectra were recorded on a Shimadzu RF 540 spectrofluorophotometer at different pHs.
Determination of in vivo oxidation state of limipterin
The in vivo oxidation state of limipterin was determined by the use of the methods described by Fukushima and Nixon (3) with some modifications. Cells, harvested at 8,400 xg for 20 min in the presence of 0.02% ascorbic acid, were suspended in 10 volumes of 0.1 M phosphoric acid containing 0.2% ascorbic acid. After sonication, cell debris was removed by centrifugation at 40,000 xg for 20 min. The crude supernatant (100 Ill) was mixed with either 50 III of 2.0N HCl or 2.0N NaOH and oxidized by the addition of 350 III of I %I,/2%KI solution. After 2 hours oxidation, the alkaline sample was acidified by the addition of 100)11 of 2.0N HCL The resulting precipitate was removed by microcentrifugation at 12,000 rpm. To the supernatant 200 III of2% ascorbic acid was added and the mixture (5 .0111 aliquots) was analyzed by HPLC (Whatmann 5 00S-3, 4,6 mm X25 em). the column was developed at a flow of Pteridines I Vol. 6 I No. 3 1.0 ml/ min with a mobile phase containing 10 mM potassium phosphate, pH 5.5.
Detection of enzymes in tetrahydrolimipterin biosynthesis
GTP cyclohydrolase I : The method developed by Fukushima and Shiota (4 was used with some modifications. The enzyme preparations were added to solutions containing lOOIlM GTP, O.IM Tris-HC1, pH 7.0, 5mM EDTA, 2mM dithiothreitol, and 0.05M NaCL To quantitate formation of dihydroneopterin triphosphate from GTP, the enzyme reaction was terminated by addition of 25111 of acidic iodine (5N trichloracetic acid: 1% b/2% KI = 1 : 5). The insoluble materials were removed by centrifugation at 15,000rpm for 3 min. After 60 min the excess iodine was removed by addition of 25111 of 2% ascorbic acid, followed by 25)11 of 1 N NaOH to bring the pH to 8.0. Fluorescence was determined using a shimadzu RF-540 spectrofluorometer (emission at 450 nm, excitation at 360 nm). One unit of the enzyme activity was defined as the amount of enzyme that catalyzes the formation of 1 picomole of dihydroneopterin triphosphate per min at 30°C.
PTP synthase: 6-PTP synthase activity was measured by the amount ofpterin produced from 6-pyruvoyltetrahydropterin upon releasing pyruvoyl side chain nonenzymatically in acidic condition. Reaction mixture contained the followings; 0.1 M PIPES pH 6.8, 10 mM MgCb, 1.65 mM NAOPH, 0.33 mM dihydroneopterin triphosphate and enzyme fraction. The total volume of 20 III was incubated at 30"c for 60 min. 10 III of 2N TCA was added and followed by mixin with 20 III iodine solution (1 % iodine/ 2% KI). 10 III of 2% Ascorbic acid was added in order to reduce excess iodine. After microcentrifugation for 3min, the clear supernatant (10 Ill) was analyzed HPLC described previously.
Sepiapterin reductase: Sepiapterin reductase activity was determined spectrophotometrically by the method of Katoh (5). The standard assay mixture contained the following components: 0.05M potassium phosphate buffer, pH 6.8, O.1mM NADPH, 0.5 mM sepiaterin, 5 mM dithiothreitol, and enzyme solution in a final volume of 0.7 ml. The reaction was initiated by the addition of enzyme at 30°c. The rate of disappearance of sepiapterin was monitored at 420 nm.
UDP-N-acetylglucosamine : 5,6,7,8-tetrahydro-L-Biopterin 2'-O-I3-N-acetylglucosaminyJ transferase : The reaction mixture containing 0.1 M PIPES pH 6.8, 10 mM MnCb, lOmM Glucose, 12U Glucose oxidase, 350U catalase, l00!lM UOP-G1cNAc, 200 flM BH4, 5mM DTT, and enzyme fraction, incubated at 37°C for 2hrs. The final reaction volume was 30fll. The reaction was terminated and oxidized by the addition of 40fli of acidic iodine solution (1 %I 2/2%KJ in 0.6M HCl) for 2 hrs at room temperature in the dark. The precipitate was removed by mcrocenrtifugation at 12,000 rpm for 3 min and followed by the addition of 20 fli of 2% ascorbic acid. After microcentrifugation, 5 fli aliquots were analyzed CI8 NovaPak HPLC column with mobile phase of 10 mM potassium phosphate, pH 5.5, at a flow rate of 1.0 ml/min. Fluorescence was monitored at the wave length of 455 nm for emission and 355 nm for excitation .
Preparation of tetrahydrolimipterin by chemical meThod
The tetrahydrolimipterin was prepa red from limiptherin (2 mg) by catalytic hydrogenation in IN HCl with platinum oxide (O.5mg) as a catalyst (6) Phenylalanine hydroxylase assay
The incubation mixture included 30 mM Hepes-'J aOH, pH 7.0, 2 mM EDTA, 3mM dithiothreitol, l.760U catalase (Sigma), 10 mM phenylalanine, enzyme solution, and 75flM 2-amino-6-methyl-tetrahydrop tcrin (or tetrahydrolimpterin) in a volume of 50 fll. The reaction was allowed to proceed for 3 min at 25°C and stopped by the addition of an 25 fll of 2N trichloroacetic acid. The denatured was removed by centrifugation, and 5 fll aliquots were analyzed Cl8 NovaPak HPLC column with mobile phase of 0.1 M NH40H, 0.3 mM tetrabutylammonium hydrogen sulfate, pH 4.6 at a flow rate of l.0 ml/min. Fluorescence was monitored at the wavelength of 274 nm for excitation and 304 nm for emission.
Results and Discussion
Identification of the limipterin structure
From the spectroscopic and the hydrolysis results, th e complete stucture of limipterin is proposed as [1-O-(L-erythro-biopterin-2' -yl)-J3-N-acetylglucosamine]. The molecular formula is C 17H 240 gN 6 whose molecular mass is 440 Da. The attachment of Nacetylglucosamine was also confirmed by acid hydrolysis as well as enzymatic hydrolysis experiment using J3-N-acetylglucosaminidase. Limipterin was susceptible to this enzyme, which is highly specific for linkage of N-acetylglucosamine. The oxidation state of native Iimipterin was extablished by the differential iodine experiments (3) described in materials and methods. It could be estimated that >93% of limipterin is maintained as tetra hydro form in vivo.
Enzymatic synthesis of limipterin
Based on the constructed structure, the biosynthetic pathway for limipterin was studied. Enzyme activity of GTP cyclohydrolase, PTP synthase, and sepiapterin reductase was detected in the 30-80% ammonium sulfate fraction s. The enzyme fractions that produce tetrahydrolimipterin using 5,6,7 ,8-tet rahydrobiopterin and UDP-N-acetylglucosamine as substrates were existed in 30-50% ammonium sulfate fraction s. This enzyme requires absolutely manganese ion and dithiothreitol. From these results, the overall biosynthetic pathway for tyetrahydrolimipterin could be proposed (Fig. I) . Table  1) . The optimum temperature and pH were 37°C and pH 7-8. The enzyme used both 7,8-dihydrobiopterin and 5,6,7,8-tetrahydrobiopterin as substrate. The other substrate, UDP-N-acetylglucosamine was very specific for this enzyme and another sugar substrates were not used.
Biological function of H.-limipterin
The tetrahydrolimipterin that was made by chemical method could have the cofactor activity of rat liver phenylalanine hydroxylase(Sigma). The hydroxylase activity increased when the concentration of H4-limipterin was increased ( Table 2) . We investigate the in vivo phenylalanine hydroxylase activity and terahydrolimipterin cofactor activity of it. It was calculated that the in vivo concentrtion of limipterin is 1.851lmol/g dry weight. This amount is about 10 folds higher than the biopterin content in pineal gland of rats (3) but comparable to the amount of methanopterin present in methanobacterium (7) . The biological functions of these pterin glycosides are still obscure, but suggestion was made that they 
